Abstract: Protected areas (PAs) with natural, ecological, and cultural value play important roles related to biological processes, biodiversity, and ecosystem services. Over the past four decades, the spatial range and intensity of light pollution in China has experienced an unprecedented increase. Few studies have been documented on the light pollution across PAs in China, especially in regions that provide a greater amount of important biodiversity conservation. Here, nighttime light satellite images from the Defense Meteorological Satellite Program Operational Linescan System (DMSP-OLS) were selected to characterize light pollution trends across PAs using nighttime light indexes and hot spot analysis, and then the light pollution changes in PAs were classified. Furthermore, the causes of light pollution changes in PAs were determined using high-resolution satellite images and statistical data. The results showed the following: (1) Approximately 57.30% of PAs had an increasing trend from 1992 to 2012, and these PAs were mainly located in the eastern region, the central region, and a small part of the western region of China. Hot spot analysis showed that the patterns of change for the total night light and night light mean had spatial agglomeration characteristics; (2) The PAs affected by light pollution changes were divided into eight classes, of which PAs with stable trends accounted for 41%, and PAs with high increasing trends accounted for 10%. PAs that had high increasing trends with low density accounted for the smallest amount, i.e., only 1%; (3) The factors influencing light pollution changes in PAs included the distance to urban areas, mineral exploitation, and tourism development and the migration of residents. Finally, based on the status of light pollution encroachment into PAs, strategies to control light pollution and enhance the sustainable development of PAs are recommended.
Introduction
With the expansion of human activity and the changes in the global environment, biodiversity loss has become one of the widespread issues related to the sustainable development of the global ecosystem [1, 2] . To protect global biodiversity, several regulations and plans have been developed by each country and international organizations over the past century [3, 4] . Practice has demonstrated that the establishment and maintenance of protected areas (PAs) is the best means for protecting Program Operational Linescan System (DMSP-OLS) nighttime light images and land cover datasets to assess human activities in China's PAs. The results showed that light pollution in China's PAs showed an increasing trend from 1992 to 2012, and because of human activities, two species are on the verge of extinction in the Yangzie Nature Reserve [42] . Moreover, the total nighttime light index, night light mean index and mean composite difference method have been used to explore light pollution changes in China, the results of which have shown that dark PAs have decreased by 35 .38% nationwide from 1992 to 2012 [43] . Although previous studies have constructed nighttime light indexes to reflect trends in light pollution across PAs in China [43] , changes in the light pollution pattern have not been explored. This paper further investigated this pattern using the Getis-Ord Gi* tool in the ArcGIS 10.2 software platform and classified light pollution change levels in PAs. Moreover, the causes of light pollution changes in PAs were analyzed with high-resolution remote sensing images and statistical data.
Based on nighttime light remote sensing Earth observation data and geographic information system (GIS) spatial analysis tools, the aim of this study was to understand and characterize the light pollution across the PAs in China over the past two decades. To achieve this goal, we addressed three issues: (1) the light pollution trends and patterns in PAs; (2) the classification of light pollution change levels in PAs; and (3) the causes of light pollution changes in PAs. The method proposed in this paper can provide a reference for light pollution trend assessments in PAs, and the results will be helpful for understanding the impacts of human pressure on PAs and assisting the government with light pollution control; these objectives will help achieve sustainable ecosystem development in PAs.
Materials and Methods

Study Area
China is a country with abundant biodiversity. Due to continuous and rapid socioeconomic development, the biodiversity and ecosystem services in China are facing serious threats [41, 44] . To safeguard biodiversity and ecosystem function, China has established several PAs. According to the UN Environment World Conservation Monitoring Center (UNEP-WCMC) report from 2016 [45] , 2158 PAs had been identified in China, covering 17.08% (1,599,092.0 km 2 ) of the total terrestrial area and 3.77% (33, 086 .0 km 2 ) of the total marine area. The percentages of terrestrial and marine PAs in China are higher than those at the global level. The distribution of PAs in China is shown in Figure 1 ; the dataset was acquired from the World Database on Protected Areas (WDPA) [46] . Among the 2158 PAs, 726 (i.e., 35%) of them have a clear boundary, and the remaining PAs have point-type boundaries because they have smaller areas. In this study, we focused on characterizing the trends in light pollution for PAs with a clear boundary. and land cover datasets to assess human activities in China's PAs. The results showed that light pollution in China's PAs showed an increasing trend from 1992 to 2012, and because of human activities, two species are on the verge of extinction in the Yangzie Nature Reserve [42] . Moreover, the total nighttime light index, night light mean index and mean composite difference method have been used to explore light pollution changes in China, the results of which have shown that dark PAs have decreased by 35 .38% nationwide from 1992 to 2012 [43] . Although previous studies have constructed nighttime light indexes to reflect trends in light pollution across PAs in China [43] , changes in the light pollution pattern have not been explored. This paper further investigated this pattern using the Getis-Ord Gi* tool in the ArcGIS 10.2 software platform and classified light pollution change levels in PAs. Moreover, the causes of light pollution changes in PAs were analyzed with high-resolution remote sensing images and statistical data. Based on nighttime light remote sensing Earth observation data and geographic information system (GIS) spatial analysis tools, the aim of this study was to understand and characterize the light pollution across the PAs in China over the past two decades. To achieve this goal, we addressed three issues: (1) the light pollution trends and patterns in PAs; (2) the classification of light pollution change levels in PAs; and (3) the causes of light pollution changes in PAs. The method proposed in this paper can provide a reference for light pollution trend assessments in PAs, and the results will be helpful for understanding the impacts of human pressure on PAs and assisting the government with light pollution control; these objectives will help achieve sustainable ecosystem development in PAs.
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Study Area
China is a country with abundant biodiversity. Due to continuous and rapid socioeconomic development, the biodiversity and ecosystem services in China are facing serious threats [41, 44] . To safeguard biodiversity and ecosystem function, China has established several PAs. According to the UN Environment World Conservation Monitoring Center (UNEP-WCMC) report from 2016 [45] , 2158 PAs had been identified in China, covering 17.08% (1,599,092.0 km 2 ) of the total terrestrial area and 3.77% (33,086.0 km 2 ) of the total marine area. The percentages of terrestrial and marine PAs in China are higher than those at the global level. The distribution of PAs in China is shown in Figure 1 ; the dataset was acquired from the World Database on Protected Areas (WDPA) [46] . Among the 2158 PAs, 726 (i.e., 35%) of them have a clear boundary, and the remaining PAs have point-type boundaries because they have smaller areas. In this study, we focused on characterizing the trends in light pollution for PAs with a clear boundary. 
Data Sources
Nighttime Light Imagery
The DMSP-OLS is the longest-operating nighttime light Earth observation satellite in the world, and it contains six sensors (i.e., F10, F12, F14, F15, F16, and F18) to capture luminescence on the Earth's surface under cloud-free conditions. This dataset can be acquired freely from the National Centers for Environmental Information (NCEI) website of the National Oceanic and Atmospheric Administration (NOAA) [47] . The annual data of nighttime lights contain three types of products, i.e., cloud-free observation frequency products, average lighting products and stable nighttime lighting products. The stable nighttime lighting products were selected as the dataset since they exclude background noises and fluctuating lights, such as gas flares, wildlife fires and auroras. Stable nighttime light products include lights from cities, towns, and other sites with persistent lighting. This product has a 6-bit radiometric resolution, and the range of the digital number (DN) is from 0 to 63. The spatial resolution of this product is 30 arcseconds (approximately 1 km around the equator).
Because the long time series of DMSP-OLS nighttime light images was obtained by different sensors, the consistency and comparability of the images cannot be ignored. Therefore, Sicily, Italy, was used as the invariant area to establish a second-order polynomial regression model [35] . According to the coefficient of the model, the time series images were intercalibrated. After intercalibration, interannual composition and interannual series correction were conducted to improve the comparability of the images. Through the system correction, the consistency and comparability of the time series images were significantly improved [35] . After correction, the images were clipped and projected, and a nighttime light composite map of China was generated, as shown in Figure 2 The DMSP-OLS is the longest-operating nighttime light Earth observation satellite in the world, and it contains six sensors (i.e., F10, F12, F14, F15, F16, and F18) to capture luminescence on the Earth's surface under cloud-free conditions. This dataset can be acquired freely from the National Centers for Environmental Information (NCEI) website of the National Oceanic and Atmospheric Administration (NOAA) [47] . The annual data of nighttime lights contain three types of products, i.e., cloud-free observation frequency products, average lighting products and stable nighttime lighting products. The stable nighttime lighting products were selected as the dataset since they exclude background noises and fluctuating lights, such as gas flares, wildlife fires and auroras. Stable nighttime light products include lights from cities, towns, and other sites with persistent lighting. This product has a 6-bit radiometric resolution, and the range of the digital number (DN) is from 0 to 63. The spatial resolution of this product is 30 arcseconds (approximately 1 km around the equator).
Because the long time series of DMSP-OLS nighttime light images was obtained by different sensors, the consistency and comparability of the images cannot be ignored. Therefore, Sicily, Italy, was used as the invariant area to establish a second-order polynomial regression model [35] . According to the coefficient of the model, the time series images were intercalibrated. After intercalibration, interannual composition and interannual series correction were conducted to improve the comparability of the images. Through the system correction, the consistency and comparability of the time series images were significantly improved [35] . After correction, the images were clipped and projected, and a nighttime light composite map of China was generated, as shown in Figure 2 
Protected Areas Dataset
With the support of the International Union for Conservation of Nature (IUCN) [48] , the World Database on Protected Areas (WDPA) was released by the UNEP-WCMC [49] . It is a public dataset that can be used to identify terrestrial and marine PAs and access related statistical information [50] . Until now, the WDPA was the only complete database with information about PAs from around the world, and it has been used in government decision making, including policy development and conservation planning. Meanwhile, it has attracted attention from scientists in biodiversity conservation [51] , ecosystem services [52] , and sustainable development [51] .
Methods
Nighttime Light Index
To characterize the light pollution trend in each PA, we employed the two nighttime light indexes from Jiang et al. [35] , i.e., the total night light (TNL) and the night light mean (NLM). TNL represents the overall level of light pollution, and previous studies have confirmed that it is strongly related to human activity [53] and socioeconomic parameters [29] . NLM represents the density of light pollution [35] , and it has been widely used to quantitatively analyze the light pollution density at the pixel and regional scales [25, 39] .
TNL represents the summed level of nighttime light pollution in PAs, and it can be expressed as follows:
where DN i is the ith gray level, and C i is the number of pixels that correspond to the gray level. NLM denotes the average level of light pollution within PAs, and its formula is as follows:
where DN i is the ith gray level and C i is the number of pixels that correspond to the gray level. Different nighttime light (DNL) indexes can be used to measure the differences in light pollution indexes, such as TNL and NLM. This difference can demonstrate the change in the light pollution index between two periods. The equation is as follows:
where φ t1 and φ t2 denote the nighttime light index of the t 1 period and t 2 period, respectively.
Spatial Pattern Analysis
The Getis-Ord Gi* statistic was adopted to identify spatial hot spots and cold spots with different significance levels in the ArcGIS 10.2 software platform. By calculating the context of neighboring features for each PA, three new feature classes, including the z-score, p-value and confidence level, were generated as outputs. A high z-score with a small p-value represents a significant hot spot, and a low negative z-score with a small p-value represents a significant cold spot. Moreover, a significant hot spot should be surrounded by high-value features, and the absolute value of the z-score demonstrates the spatial cluster intensity. This approach can help visualize spatial pattern changes of the features, and the formula is shown as follows:
where G * i is the z-score of patch i, X j is the attribute value for feature j, W ij is the spatial weight between patch i and patch j, and n is the total number of features.
Spatial Trend Analysis
The linear regression trend method is a tool used to calculate changes in trends in time series images at the pixel scale [54] , and it has been demonstrated to be an efficient and convenient method for revealing the spatial-temporal patterns of light pollution using long time series of nighttime light images [35] . The formula is expressed as follows:
where T DMPS-OLS refers to the regression trend in the DMSP-OLS time series images, DN n represents the DN value in year n, and n represents the time span. If T DMPS-OLS > 0, it represents an increasing trend, and if T DMPS-OLS < 0, it represents a decreasing trend. If T DMPS-OLS = 0, it represents a stable trend.
Division of Light Pollution Change Levels in PAs
Based on the TNL index and the NLM index, the PAs impacted by light pollution were divided into eight categories: decreasing trend (DT), stable trend (ST), low increasing trend with low density (LL), low increasing trend with high density (LH), medium increasing trend with low density (ML), medium increasing trend with high density (MH), high increasing trend with low density (HL), and high increasing trend with high density (HH). Table 1 shows the classification criteria. 
Results
The Trends and Patterns of Light Pollution in PAs from 1992 to 2012
To clarify the trends and patterns of light pollution, a Chinese provincial map was generated with the names of the provinces, as shown in Figure 3 . This result showed that more than 20% of the PAs were newly influenced by artificial light over the past 21 years. The percentage of low-level light pollution (0-300) slightly increased from 24.66% to 29.75%; however, the percentage of medium-and high-level light pollution (300-1000 and 1000-91,555, respectively) increased by 6.85% and 9.23%, respectively. Based on the observed spatial patterns, the high-level light pollution affected PAs located in Shandong, Jiangsu and Yunnan in 1992; in contrast, in 2012, the illuminated PAs were distributed nationwide. Figure 4c shows the change in TNL between 1992 and 2012; consequently, most PAs (57.30%) experienced an increase in light pollution. The remaining PAs showed either a decreasing trend or a stable trend, which accounted for 4.00% and 38.71%, respectively. Most of the lit PAs were located in eastern and central China, and some PAs located in western China experienced new light pollution.
Geostatistical methods combined with GIS technology were used to explore the spatial distribution characteristics and patterns of nighttime light pollution changes from 1992 to 2012. Z-scores with confidence greater than 99%, 95% and 90% were selected as hot spots, respectively. Figure 4d shows the distribution of hot spots and cold spots that represented changes in the TNL. The hot spots (red) represent aggregated PAs in which the TNL pollution increased, and the cold spots (green) represent aggregated PAs in which the TNL pollution decreased. Figure 4d shows that the spatial distribution of the TNL change has obvious agglomeration characteristics. The hot spots were mainly concentrated in eastern coastal areas, such as Shandong, Jiangsu, Anhui, Hebei, and Liaoning, which may be due to economic and urban development of coastal areas after the implementation of the reform and opening-up policy [35] and subsequent invasion of light pollution in PAs from human activities, thereby forming a hot spot where the TNL has increased. Cold spots were mainly concentrated in Guangxi, Hunan, Hubei and Sichuan. The 2008 Wenchuan earthquake in Sichuan Province caused serious damage to the city's infrastructure and light source providers in the affected area, which may explain the reduction in light pollution [55] . Due to superior natural conditions, there are several nature reserves in these regions. Over recent years, However, this percentage of dark PAs deceased to 40.50% in 2012. This result showed that more than 20% of the PAs were newly influenced by artificial light over the past 21 years. The percentage of low-level light pollution (0-300) slightly increased from 24.66% to 29.75%; however, the percentage of medium-and high-level light pollution (300-1000 and 1000-91,555, respectively) increased by 6.85% and 9.23%, respectively. Based on the observed spatial patterns, the high-level light pollution affected PAs located in Shandong, Jiangsu and Yunnan in 1992; in contrast, in 2012, the illuminated PAs were distributed nationwide. Figure 4c shows the change in TNL between 1992 and 2012; consequently, most PAs (57.30%) experienced an increase in light pollution. The remaining PAs showed either a decreasing trend or a stable trend, which accounted for 4.00% and 38.71%, respectively. Most of the lit PAs were located in eastern and central China, and some PAs located in western China experienced new light pollution.
Geostatistical methods combined with GIS technology were used to explore the spatial distribution characteristics and patterns of nighttime light pollution changes from 1992 to 2012. Z-scores with confidence greater than 99%, 95% and 90% were selected as hot spots, respectively. Figure 4d shows the distribution of hot spots and cold spots that represented changes in the TNL. The hot spots (red) represent aggregated PAs in which the TNL pollution increased, and the cold spots (green) represent aggregated PAs in which the TNL pollution decreased. Figure 4d shows that the spatial distribution of the TNL change has obvious agglomeration characteristics. The hot spots were mainly concentrated in eastern coastal areas, such as Shandong, Jiangsu, Anhui, Hebei, and Liaoning, which may be due to economic and urban development of coastal areas after the implementation of the reform and opening-up policy [35] and subsequent invasion of light pollution in PAs from human activities, thereby forming a hot spot where the TNL has increased. Cold spots were mainly concentrated in Guangxi, Hunan, Hubei and Sichuan. The 2008 Wenchuan earthquake in Sichuan Province caused serious damage to the city's infrastructure and light source providers in the affected area, which may explain the reduction in light pollution [55] . Due to superior natural conditions, there are several nature reserves in these regions. Over recent years, the country has attached great importance to the natural environment and has issued a series of environmental protection measures, such as the resettlement of residents and the establishment of buffer zones [56] ; these measures have reduced light pollution and formed the cold spots of the TNL. the country has attached great importance to the natural environment and has issued a series of environmental protection measures, such as the resettlement of residents and the establishment of buffer zones [56] ; these measures have reduced light pollution and formed the cold spots of the TNL. Figure 5c shows the change in NLM between 1992 and 2012, which was similar to TNL, i.e., most PAs (57.30%) experienced an increase in NLM. The remaining PAs showed a decreasing trend or a stable trend, accounting for 4.00% and 38.71%, respectively. PAs with increased light pollution were mainly located in the eastern and southeastern regions, with only a portion of western PAs exhibiting an increased NLM.
The analysis of the spatial NLM pattern also used hot spot analysis methods. Figure 5d shows that the change pattern of the NLM had obvious spatial agglomeration characteristics. The hot spots were mainly concentrated in the coastal areas, such as Liaoning, Hebei, Beijing, Shandong, Jiangsu, Anhui, Zhejiang, Shanghai, Fujian, Guangdong, and Hainan. Compared to the TNL, the NLM eliminates the influence of the area factor. Therefore, some of the small-area nature reserves in Zhejiang, Fujian, Guangdong, and Hainan experienced strong changes in NLM. Cold spots were mainly located in the southwestern and central regions of China, including Sichuan, Yunnan, Guizhou, Chongqing, Hunan, Hubei, and Shanxi. The NLM eliminates the influence of area, and Figure 5c shows the change in NLM between 1992 and 2012, which was similar to TNL, i.e., most PAs (57.30%) experienced an increase in NLM. The remaining PAs showed a decreasing trend or a stable trend, accounting for 4.00% and 38.71%, respectively. PAs with increased light pollution were mainly located in the eastern and southeastern regions, with only a portion of western PAs exhibiting an increased NLM.
The analysis of the spatial NLM pattern also used hot spot analysis methods. Figure 5d shows that the change pattern of the NLM had obvious spatial agglomeration characteristics. The hot spots were mainly concentrated in the coastal areas, such as Liaoning, Hebei, Beijing, Shandong, Jiangsu, Anhui, Zhejiang, Shanghai, Fujian, Guangdong, and Hainan. Compared to the TNL, the NLM eliminates the influence of the area factor. Therefore, some of the small-area nature reserves in Zhejiang, Fujian, Guangdong, and Hainan experienced strong changes in NLM. Cold spots were mainly located in the southwestern and central regions of China, including Sichuan, Yunnan, Guizhou, Chongqing, Hunan, Hubei, and Shanxi. The NLM eliminates the influence of area, and some small-area nature reserves with obvious changes in NLM were also reflected in the hot spot analysis. Therefore, compared to the TNL, the distributions of hot spots and cold spots of the NLM were larger, reflecting the spatial agglomeration characteristics of the light pollution density in PAs.
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Classification of Light Pollution Change Levels in PAs
According to the criteria listed in Table 1 , all PAs were classified into eight categories with two nighttime light indexes. Figure 6 shows the spatial distribution of the classification of PAs impacted by light pollution, and Figure 7 shows the proportions of the different classifications of PAs. In terms of spatial distribution, the ST accounted for a relatively high percentage, i.e., 41%. This category included PAs with no light pollution and PAs with no changes in light pollution, which were mainly distributed in the central region, the southwestern region, and a portion of the northeastern region. These regions also included a low number of PAs that had a decreasing trend, but these PAs accounted for only 4%. Since 1992, the economy in Northeast China, which was a heavy industrial base, has gradually declined. Affected by the cold environment, economic development has been slow, and a large number of talented people have left the region; thus, these factors may have reduced the nighttime light pollution in PAs. In the central and southwestern regions, slow economic development has led to the outflow of people, and most of the PAs in these regions are distributed in mountainous areas with few people. Therefore, light pollution has remained stable or has decreased. The remaining PAs showed an increasing trend; specifically, 31% showed a low increasing trend, and the percentages of medium and high increases were relatively small, accounting for 14% and 10%, respectively. Figure 5 shows that PAs with a high increasing trend are mainly concentrated in the southeastern coastal areas and a small portion of the central and western regions. The country first developed the eastern coastal areas from 1992 to 2012. Rapid economic development and favorable natural conditions have attracted many residents to the area, 
According to the criteria listed in Table 1 , all PAs were classified into eight categories with two nighttime light indexes. Figure 6 shows the spatial distribution of the classification of PAs impacted by light pollution, and Figure 7 shows the proportions of the different classifications of PAs. In terms of spatial distribution, the ST accounted for a relatively high percentage, i.e., 41%. This category included PAs with no light pollution and PAs with no changes in light pollution, which were mainly distributed in the central region, the southwestern region, and a portion of the northeastern region. These regions also included a low number of PAs that had a decreasing trend, but these PAs accounted for only 4%. Since 1992, the economy in Northeast China, which was a heavy industrial base, has gradually declined. Affected by the cold environment, economic development has been slow, and a large number of talented people have left the region; thus, these factors may have reduced the nighttime light pollution in PAs. In the central and southwestern regions, slow economic development has led to the outflow of people, and most of the PAs in these regions are distributed in mountainous areas with few people. Therefore, light pollution has remained stable or has decreased. The remaining PAs showed an increasing trend; specifically, 31% showed a low increasing trend, and the percentages of medium and high increases were relatively small, accounting for 14% and 10%, respectively. Figure 5 shows that PAs with a high increasing trend are mainly concentrated in the southeastern coastal areas and a small portion of the central and western regions. The country first developed the eastern coastal areas from 1992 to 2012. Rapid economic development and favorable natural conditions have attracted many residents to the area, and the tourism industry has developed. Therefore, the nighttime light pollution of PAs has intensified. Among the PAs with a high increasing trend, most had a high increasing trend with high density; in contrast, only a small percentage (i.e., 1%) had a high increasing trend with low density. These were mainly PAs with large areas in the western region. and the tourism industry has developed. Therefore, the nighttime light pollution of PAs has intensified. Among the PAs with a high increasing trend, most had a high increasing trend with high density; in contrast, only a small percentage (i.e., 1%) had a high increasing trend with low density. These were mainly PAs with large areas in the western region. 
Cause Analysis of Light Pollution Change in PAs
Over the past 21 years, most PAs have experienced an increasing trend in light pollution. However, some PAs have still experienced declines in light pollution, and these are represented by the blue points in Figure 5 . High-resolution satellite images and statistical data [57] were selected to analyze the reasons for the changes in light pollution in PAs. Figure 7 shows the Si Hong Xiangyang Reservoir and Huihe Nature Reserve. Both PAs are close to urban areas. With increases in the population and urban expansion, the nighttime light pollution of the PAs also increased. The line graphs (Figure 8c,f) show the nighttime light pollution changes in PAs and how light pollution increases with year. In general, the light pollution of PAs near urban area increased. and the tourism industry has developed. Therefore, the nighttime light pollution of PAs has intensified. Among the PAs with a high increasing trend, most had a high increasing trend with high density; in contrast, only a small percentage (i.e., 1%) had a high increasing trend with low density. These were mainly PAs with large areas in the western region. 
Over the past 21 years, most PAs have experienced an increasing trend in light pollution. However, some PAs have still experienced declines in light pollution, and these are represented by the blue points in Figure 5 . High-resolution satellite images and statistical data [57] were selected to analyze the reasons for the changes in light pollution in PAs. Figure 7 shows the Si Hong Xiangyang Reservoir and Huihe Nature Reserve. Both PAs are close to urban areas. With increases in the population and urban expansion, the nighttime light pollution of the PAs also increased. The line graphs (Figure 8c,f) show the nighttime light pollution changes in PAs and how light pollution increases with year. In general, the light pollution of PAs near urban area increased. 
Over the past 21 years, most PAs have experienced an increasing trend in light pollution. However, some PAs have still experienced declines in light pollution, and these are represented by the blue points in Figure 5 . High-resolution satellite images and statistical data [57] were selected to analyze the reasons for the changes in light pollution in PAs. Figure 7 shows the Si Hong Xiangyang Reservoir and Huihe Nature Reserve. Both PAs are close to urban areas. With increases in the population and urban expansion, the nighttime light pollution of the PAs also increased. The line graphs (Figure 8c,f) show the nighttime light pollution changes in PAs and how light pollution increases with year. In general, the light pollution of PAs near urban area increased. (Figure 9c) shows that light pollution in Panzhihua Sutie Nature Reserve has increased since 1992. Therefore, mineral exploitation activity in this PA may have increased from 1992 to 2012. Regarding the Xilin Gol Natural Grassland Reserve, light pollution is mainly located in the area of mineral exploitation. The TNL increased sharply from 2003, which is consistent with the timeline of mineral development. Moreover, the correlation between raw coal production and TNL has been explored (Figure 9f) , and the regression coefficient was found to be highly significant. The result showed that mineral exploitation had positive impacts on light pollution in the Xilin Gol Natural Grassland Reserve. These two examples illustrated that mineral exploitation increased nighttime light pollution in the PAs. Figure 10 shows Mount Taishan and Laoshan National Forest Park, which are well-known scenic spots in the eastern coastal area. There are many visitors each year, which increased the development of the commercial and catering industries around the scenic area. The nighttime light trend (Figure 10b ,e) results showed that light pollution exhibited an increasing trend. Moreover, the correlation between the total tourist population and TNL in Laoshan National Forest Park ( Figure  10f ) demonstrated that tourist development had significant positive impacts on light pollution in Laoshan National Forest Park. To prove general tendency of the impact of tourist development on light pollution, six PAs, i.e., Dongzhaigang Mangroves, Wudalianchi Volcano, Changli Gold Coast, Sanya Coral Reef National Nature Reserve, Xishuangbanna and Zhangye Heihe Wetland National Nature Reserve, are selected with collecting total tourist population to be investigated ( Figure 11 ) and the multiple cases have widely confirmed the tourist development had significant positive impacts on light pollution in PAs. Figure 12 shows the Liancheng Nature Reserve and the Wulushan Nature Reserve. The Liancheng Nature Reserve is located in the transitional zone between the Qilian Mountains and the Loess Plateau, which represents a special geographic location. Similar to the Wulushan Nature Reserve, the geographic environment is complex and diverse, and there are few people. In recent years, the State has issued a series of policies, such as the forced migration of residents, to protect these PAs [56] . Consequently, almost no human interference or activity occurs in these PAs. The (Figure 9c) shows that light pollution in Panzhihua Sutie Nature Reserve has increased since 1992. Therefore, mineral exploitation activity in this PA may have increased from 1992 to 2012. Regarding the Xilin Gol Natural Grassland Reserve, light pollution is mainly located in the area of mineral exploitation. The TNL increased sharply from 2003, which is consistent with the timeline of mineral development. Moreover, the correlation between raw coal production and TNL has been explored (Figure 9f) , and the regression coefficient was found to be highly significant. The result showed that mineral exploitation had positive impacts on light pollution in the Xilin Gol Natural Grassland Reserve. These two examples illustrated that mineral exploitation increased nighttime light pollution in the PAs. Figure 10 shows Mount Taishan and Laoshan National Forest Park, which are well-known scenic spots in the eastern coastal area. There are many visitors each year, which increased the development of the commercial and catering industries around the scenic area. The nighttime light trend (Figure 10b ,e) results showed that light pollution exhibited an increasing trend. Moreover, the correlation between the total tourist population and TNL in Laoshan National Forest Park (Figure 10f ) demonstrated that tourist development had significant positive impacts on light pollution in Laoshan National Forest Park. To prove general tendency of the impact of tourist development on light pollution, six PAs, i.e., Dongzhaigang Mangroves, Wudalianchi Volcano, Changli Gold Coast, Sanya Coral Reef National Nature Reserve, Xishuangbanna and Zhangye Heihe Wetland National Nature Reserve, are selected with collecting total tourist population to be investigated ( Figure 11 ) and the multiple cases have widely confirmed the tourist development had significant positive impacts on light pollution in PAs. Figure 12 shows the Liancheng Nature Reserve and the Wulushan Nature Reserve. The Liancheng Nature Reserve is located in the transitional zone between the Qilian Mountains and the Loess Plateau, which represents a special geographic location. Similar to the Wulushan Nature Reserve, the geographic environment is complex and diverse, and there are few people. In recent years, the State has issued a series of policies, such as the forced migration of residents, to protect these PAs [56] . Consequently, almost no human interference or activity occurs in these PAs. The line graphs (Figure 12c ,f) also clearly show that resident migration caused a decreasing trend in light pollution in the PAs. 
Discussion
Due to rapid urbanization and economic development, light pollution has become a non-negligible environmental issue. The establishment of PAs is of great significance to the sustainable development of the natural environment [58] . In recent years, the issue of light pollution and how it affects PAs has gained widespread attention [23, 34] . Xiang's research focused on spatial-temporal characteristics of light pollution for different zones rather than for the zone of each PA [59] . The article by Kaifang Shi focused on the area, total amount, and changing trends of light pollution in PAs as well as the changes in different regions [42] . This paper explores the patterns of light pollution change levels in PAs and classifies them. Moreover, the reasons for the changes in light pollution in the PAs are investigated based on high-resolution satellite images and statistical data.
Increasing trends were mainly related to human activity [35] and the distance between PAs and urban areas [40] . Commonly, nighttime lights from cities can be scattered into the sky [60] ; thus, PAs located near a city will be illuminated. In addition, urban expansion into protected areas can also cause significant nighttime light pollution [25] . With increasing industrialization, the demand for raw materials in China has continuously increased [61] as well as the development of mineral resources, mainly in western regions where minerals are abundant. Since development began in 2000, the western region has entered a period of large-scale mineral exploitation [62] . Mineral exploitation is an intensive human activity. The correlation between the raw coal production and TNL in the Xilin Gol Natural Grassland Reserve has confirmed that mineral exploitation can cause a dramatic increase in light pollution. Tourism also promotes economic development and intensifies human activity. With the development of tourism in PAs, the number of tourists has increased dramatically, which has introduced major challenges to the management of PAs and has increased nighttime light pollution [63, 64] . Fortunately, the rise of dark-sky tourism may alleviate light pollution in PAs [65] .
Assessing the characteristics and trends of light pollution changes in PAs in China over the past 20 years is of great significance to the management and sustainable development of PAs. This study mainly focused on the trends and causes of light pollution characteristics in PAs across the entire country. Although light pollution in PAs has attracted widespread attention [18, 23] , a poor understanding of how light pollution affects animals, plants and ecosystems in the PAs remains [20, 66, 67] . Several long-term field observations may be necessary to investigate this mechanism across different scales [39, 68] .
Artificial lighting facilities provide safety, comfort, and convenience for cities and human life [43] . However, irrational use of lighting facilities incites serious light pollution. By analyzing the trends, patterns and causes of light pollution changes in PAs, strategies to limit light pollution across PAs in China can be considered from following three aspects. (1) The management of PAs should be strengthened, and unified management of national PAs should be implemented. Additionally, the division of management departments should be clarified to strengthen the prevention and control of light pollution; (2) The results showed that resident migration can significantly reduce light pollution. Therefore, buffer zones between the PAs and the urban regions should be established to limit human activities, especially in regions that highly influence PAs [39] ; (3) Additional sustainable development measures combining remote sensing and ground observation should be implemented to prevent and control light pollution [35] . For example, light pollution in PAs should be measured nationwide, and the findings should be combined with current knowledge on ecosystem services and landscape ecology [69] .
Conclusions
This paper selected time series-corrected DMSP-OLS nighttime light images from 1992 to 2012 to analyze trends, patterns, and classifications of light pollution changes in PAs in China using nighttime light indexes and the Getis-Ord Gi* method. High-resolution satellite images and statistical data were used to investigate the causes of light pollution changes in the PAs. The conclusions are as follows:
(1) The TNL and NLM indexes were employed to analyze the trend in light pollution in the PAs from 1992 to 2012 across China. Compared with 1992, the percentage of dark PAs decreased by more than 20% by 2012. From 1992 to 2012, most PAs (57.30%) experienced an increase in light pollution, and these PAs were mainly located in eastern and central China and a small part of western China. According to the results of the hot spot analysis, the distribution of changes in TNL and NLM both had obvious spatial agglomeration characteristics. (2) According to the TNL index and the NLM index, the PAs impacted by light pollution were divided into eight categories. Most PAs showed a stable trend (41%), but approximately 10% showed a high increasing trend; however, of those with a high increasing trend, those that had a high increasing trend with low density accounted for a small percentage, i.e., only 1%, and were mainly located in large-area PAs in western China. (3) High-resolution satellite images and statistical data were selected to analyze the causes of light pollution changes in PAs. The results showed that decreasing distance to an urban area, mineral exploitation and tourism development may increase light pollution in PAs. In contrast, the migration of residents away from an area may be one explanation for the decrease in light pollution.
Based the results of this study, the urban expansion driven by rapid economic development and human activities contributed to the increasing trend in light pollution in PAs. Additionally, based on the causes of light pollution, measures to alleviate light pollution in PAs were proposed. The conclusions can help policy makers regulate light pollution in PAs and maintain the function and sustainable development of ecosystems in PAs.
